Cryptococcus neoformans is an environmental pathogenic fungus with a worldwide 13 geographical distribution that is responsible for hundreds of thousands human cryptococcosis cases 14 each year. During infection, the yeast undergoes a morphological transformation involving 15 capsular enlargement that increases microbial volume. To understand the factors that play a role 16 in environmental dispersal of C. neoformans and C. gatii we evaluated the buoyant cell density of 17 Cryptococcus using Percoll isopycnic gradients. We found differences in the buoyant cell density 18 of strains belonging to C. neoformans and C. gatti species complexes. The buoyant cell density of 19 C. neoformans strains varied depending on growth medium conditions. In minimal medium, the 20 cryptococcal capsule made a major contribution to the buoyant cell density such that cells with 21 larger capsules had lower density than those with smaller capsules. Removing the capsule, both by 22 chemical or mechanical methods, decreased the C. neoformans cell density. Melanization of the 23 C. neoformans cell wall, which also contributes to virulence, produced a small but consistent 24 increase in cell density. C. neoformans sedimented much slower in seawater as its density 25 approached the density of water. Our results suggest a new function for the capsule whereby it 26 can function as a flotation device to facilitate transport and dispersion in aqueous fluids. 27 28 IMPORTANCE 29 The buoyant cell density of a microbial cell is an important physical characteristic that may 30 affect its transportability in fluids and interactions with tissues during infection. The 31 polysaccharide capsule surrounding C. neoformans is required for infection and dissemination in 32 the host. Our results indicate that the capsule has a significant effect on reducing cryptococcal cell 33 density altering its sedimentation in seawater. Modulation of microbial cell density via 34 encapsulation may facilitate dispersal for other important encapsulated pathogens. 35 36
INTRODUCTION 37
C. neoformans and gattii species complexes are important fungal pathogens that can cause 38 pulmonary and serious meningeal disease in humans (1) . In the environment, C. neoformans is 39 commonly found in soil associated with pigeon excreta, while C. gattii is most commonly found 40 on trees (2, 3). C. gattii have been isolated from marine and fresh water environments (4, 5). 41
Cryptococcal infection occurs via the respiratory tract where yeast particulates can colonize the 42 lungs (6, 7). In immunocompromised patients, C. neoformans can readily disseminate from the 43 lungs to other parts of the body, including the central nervous system by crossing the blood brain 44 barrier. The dissemination of C. neoformans yeast cells from the lung to the brain is critical in the 45 development of meningeal disease. The yeast cells undergo drastic morphological changes-during 46 this transition that aid its distribution and evasion from host immune mechanisms. For instance, 47 yeast dimensions can range from 1 to 100 µm in diameter by increasing their cell body and/or 48 growing a thick polysaccharide capsule at the cell wall surface in response to immediate 49 environmental conditions (6-9)(8-11). 50
The polysaccharide capsule is mostly composed of water (12). It is formed by a porous 51 matrix of branched heteropolysaccharides, mainly glucuronoxylomannan, that extends radially 52 from the cell wall (13). Capsule synthesis is induced under certain stressful conditions, and 53 provides protection against host defense mechanisms by acting as a physical barrier, interfering 54 with phagocytosis and sequestering Reactive Oxygen Species (ROS) and drugs (14, 15) . The 55 capsule is essential for the virulence of C. neoformans and if of interest for both therapeutic and 56 diagnostic strategies (16) . 57
Melanin is another important virulence factor, such that strains that lack the ability to 58 melanize are less pathogenic (16) . Melanin is formed by the polymerization of aromatic and/or 59 phenolic compounds including L-DOPA, methyl-DOPA, epinephrine or norepinephrine (17). In 60 the presence of catecholamine precursors found in the human brain, Cryptococcus melanizes its 61 inner cell wall (18). Melanized C. neoformans cells are found in the environment (19) and during 62 mammalian infection (20), suggesting an important role of the pigment in C. neoformans biology 63 and pathogenesis. Melanization protects cells against a variety of host immune mechanisms and 64 antifungal drugs, as well as, against radiation, desiccation, ROS, and temperature stress (21, 22) . 65
Both the polysaccharide capsule and melanin are complex structures difficult to study. 66
Consequently, it is important to apply biophysical methodologies to gain new insights into the 67 physicochemical properties and biological functions of these major virulence factors (23). One 68 such property that has not been studied in cryptococcal biology is cellular density, presumably a 69
highly-regulated characteristic that may reflect the physiological state of the cell under different 70 conditions (24). 71
In the first century B.C., Roman writer Vitruvius describes a "Eureka" moment that the 72
Greek polymath Archimedes had when, allegedly, he observed the displacement of water as he sat 73 in a bathtub, which led him to establish the law of buoyancy (25, 26). In a biological context, 74
Archimedes' law (law of buoyancy) can be applied to calculate the ratio of the absolute mass and 75 volume of an organism which could determine whether it floats or sinks in a fluid of given density. 76
During centrifugation in a continuous Percoll density gradient, cells equilibrate upon reaching the 77 point at which the gradient's density matches their own. This allows us to estimate buoyant density 78 of C. neoformans and C. gattii against bead standards of fixed density. variability when comparing C. neoformans serotype A (strain H99) to serotype D (strain ATCC 102 24067) and serotype AD (strain 92.903). However, the density of C. gatti did not significantly vary 103
in comparison to C. neoformans. To ascertain whether there was a relationship between the density 104 and cell dimension, we imaged the cells with an India-ink counterstain and calculated both the capsule and cell body radii for C. neoformans and C. gatii. We observed, a statistically significant 106 difference in the cell body radii of all strains when compared to C. neoformans serotype A (strain 107 H99). We also observed that the capsule radii of C. neoformans Serotype D and AD, and C. gattii 108 VG IIa was significantly different when compared to Serotype A. 109 110 111
Effect of capsule induction on C. neoformans buoyant cell density 112
In vitro, the capsule is induced in stress conditions such as nutrient starvation medium (36). 113
Cells grown in minimal medium (MM) had significantly lower density ( was significantly smaller. The acapsular strains cap59 had a significantly higher density than 116 encapsulated cells with the same genetic background. Furthermore, we observed no significant 117 differences in the density of acapsular mutants grown in minimal versus rich medium, confirming 118 the contribution of the polysaccharide capsule in determining the cell density in response to 119 different nutrient conditions. 120
Previous studies have reported the molecular composition of the C. neoformans capsule by 121 removing the polysaccharide from the cell surface by DMSO extraction and gamma irradiation 122 induced capsule shedding (37). To confirm the effects of the capsule on the buoyant cell density, 123 encapsulated H99 cells were treated with gamma radiation and DMSO to remove capsular material 124 (Figure 3) . We observed a significant increase in cell density when the capsule was removed by 125 both treatments indicating that the polysaccharide capsule influences the cell density. 
Melanization increases C. neoformans buoyant cell density 141
Comparison of melanized and non-melanized H99 C. neoformans cells demonstrated that 142 melanization was associated with a moderate increase in cell density (Figure 6 ). Since the increase 143 in the density was small, and melanized cell can easily be distinguished visually from non-144 melanized cell, we mixed the melanized and non-melanized cells in 1:1 ratio before loading the 145 samples onto the density gradient. While non-melanized cells displayed a range of density that 146 overlapped with melanized cells, the latter tended to have higher density when compared to non-147 melanized cells inoculated from the same sabouraud broth pre-culture. Isolated melanin 148 'ghosts'(40) had much greater density than cells, estimated to be > 1.1 g/ cc (data not shown). Note 149 that melanized cells also had smaller capsules (Figure 6D, ii) , which may contribute to the increase 150 in cell density. Thus, we also compared the density of melanized and non-melanized cells after 151 removal of the capsule by gamma radiation (Figure 6C, ii) . Upon capsule removal, we observed 152 that the density of melanized cells was consistently and significantly higher than non-melanized 153 cells. In this study, we characterized the buoyant cell density of C. neoformans and C. gattii in 166 different conditions. We report minor differences in buoyant densities between serotypes of the 167 cryptococcal species complex. Our results also suggest that the capsule plays a major role in Interestingly, the polysaccharide mucilage sheath of these bacteria, that resembles the 181 polysaccharide capsule of C. neoformans, has been characterized as an important factor that 182 decreases the density of the cell to just below the density of water (44). Our data demonstrates that 183 the cryptococcal capsule serves a similar function by increasing the volume of the yeast cell 184 without significantly increasing its mass and thereby reducing its density. In summary, the density of C. neoformans grown in minimal medium is slightly greater 220 than that of water. The presence of a capsule reduced the density such that it approached that of 221 water. Hence, the capsule, by reducing density, also reduces the settling velocity of C. neoformans Buffer Saline), centrifuging them for 5 minutes at 4700 x g. Cells were counted using a 251 hemocytometer, and dilutions were made to obtain 1 X 10 7 cells in PBS. The cells were then loaded 252 onto Percoll Density gradients with or without treatments to test the effect of different conditions 253 on the buoyant cell density. 254 255
Density gradient centrifugation 256
Percoll is a non-toxic and isotonic alternative to the commonly used sucrose gradient, and is 257 composed of polyvinylpyrrolidone coated colloidal silica particles (56). Percoll has found 258 applications for separation of mammalian blood, tumor, immune and endothelial cells, and 259 microbial cells due to its ability to form reproducible self-generated continuous gradients (57). 260
Stock Isotonic Percoll (SIP) was obtained by added 1 part of 1.5 M NaCl to 9 parts of Percoll. The 261
working solution of 70% (v/v) was obtained by diluting SIP with 0.15 M NaCl, to a final density 262 of 1.0914 g/ml. Three milliliters of this solution were loaded into polycarbonate ultracentrifuge 263 tubes (13 X 51 mm). Approximately, 10 7 cells were pelleted at 4700 x g and over layered directly 264 or after treatment. All gradients were run in parallel with a standard tube. 265
For the preparation of the standard tube, 10 µl of each uniform density bead standard (Cospheric 266 DMB kit) including light orange (ORGPMS-1.00 250-300um, density 1.00 g/cc), fluorescent 267 green (1.02 g/cc), florescent orange (1.04 g/cc), florescent violet (1.06 g/cc), dark blue (1.08) and 268 florescent red (1.099 g/cc), was loaded and mixed with the Percoll. 269
By varying time and speed of centrifugation, it was found that the most optimal separation of the 270 density gradient beads, which was taken as an indication for the most optimal continuous density 271 gradient formed, occurred at 40,000 RPM for 30 minutes (acceleration 9, deceleration 0), in TLA 
Gamma irradiation of cells for capsule removal 290
Gamma irradiation was used to remove the capsule as described earlier (58). Approximately 10 9 291 cells of melanized and non-melanized cells were plated on a 24-well plate. The cells were 292 irradiated to a total dose of 1500 Gy, using Shepherd Mark 1 at the SKCCC Experimental Irradiator 
C. neoformans melanization 309
Frozen stalks of C. neoformans H99 was inoculated into Sabouraud broth and incubated at 30C 310 for 48 hours, till the cultures reached stationary phase. The cells were counted using a 311 hemocytometer. 10^6 cells/ml of were inoculated into minimal medium (10 mM MgSO4, 29.3 312 mM KH2PO4, 13 mM glycine, 3 µM thiamine-HCl, and 15 mM dextrose with pH adjusted to 5.5) 313
with and without L-DOPA (100 mM). The cells were cultured for 10 days at 30C rotating at 180 314 RPM. The cells were washed twice in PBS, and 10^7 cells were pelleted at 47000 x g loaded of 315 melanized, non-melanized and 1:1 mixture of the cells was loaded onto the gradient. Melanin 316 ghosts were prepared as described (40). 317
Mouse complement deposition in C. neoformans 319
Frozen stocks of guinea pig complement (1 mg/ml) were thawed. 50% (500 g/ml), 20%, 10% and 320 1% dilutions with PBS was added a pellet of 10 7 cells. The cells were incubated with complement 321 for 1 hour at 28°C in a rotating-mixer. The cells were visualized and imaged with India Ink negative staining under Olympus AX70 337
Microscope at 20X magnification and 40X magnification. The capsule and cell body size was 338 estimated using an automated measurement Python software (59) or by ImageJ when cells were 339 observed to be aggregated. 340
Statistical analysis 342
All statistical analysis was performed on GraphPad Prism 7.0 software. The density of cells was 343 estimated by using making a standard curve from beads of different densities using linear 344 regression to estimate the unknown values of a given sample with a 95% confidence interval. 345
Details of statistical tests applied are provided on the figure legends. 346
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